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ABSTRACT 


This  is  a theoretical  and  experimental  study  of  directional  couplers 
which  have  both  the  TE^q  and  TE20  modes  propagating  in  the  rectangular 
primary  wave  guide.  The  coupling  slots  are  oriented  so  they  are  only 
excited  by  one  of  these  modes.  Results  are  shown  of  a practical  -20  db 
directional  coupler  for  each  mode,  with  a coupling  of  -?0  db  for  the 
undesired  mode. 

H.  A.  Bethe's  small  hole  coupling  theory  is  placed  in  a form  to 
handle  general  coupling  situations  in  which  there  are  different  wave 
guides  and  modes  being  considered. 

It  is  shown  from  the  results  of  S,  B-  Cohn's  small  aperture  polar- 
izability experimental  study  that  a narrow  slot  will  essentially  couple 
to  only  a parallel  magnetic  field.  Narrow  slots  were  placed  so  only  the 
desired  mode  had  an  adjacent  parallel  magnetic  field.  The  tolerance  of 
the  slot  position  with  respect  to  the  null  of  the  field  of  the  undesired 
mode  is  the  limiting  factor  in  rejecting  the  undesired  mode® 

Three  types  of  mode  selective  directional  couplers  were  studied. 

A directional  coupler  of  the  two  hole  type  was  built  and  studied  for 
each  mod's.  Bath  had  a mods  selection  of  30  db  and  could  be  used  in 
a practical  two  made  microwave  system.  An  advantage  of  this  type 
coupler  is  that  the  design  can  be  extended  to  a multi -hole  binomial 
or  Tschebyscheff  array  to  obtain  high  directivity  over  a broad  frequency 
range. 

A reverse  type  directional  coupler  was  designed  which  is  similar 
to  the  cross  guide  coupler.  The  difference  is  that  the  secondary  wave 
guide  crosses  the  primary  wave  guide  at  an  acute  angle,  and  dissimilar 
wave  guides  are  used.  This  design  is  applicable  to  mode  selection 
although  its  practical  application  is  limited. 
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I.  INTRODUCTION 

Directional  couplers  have  long  been  an  integral,  part  of  most 
microwave  systems.  This  is  particularly  true  where  work  of  an 
experimental  nature  is  being  carried  on.  While  directional  couplers 
have  been  developed  to  a high  degree  for  the  TEt_q  mode  in  rectangular 
wave  guide,  their  extension  to  multi -mode  systems  has  not  been  required 
in  the  past.  There  is  a large  amount,  of  weight  and  space  being  occupied 
by  a multiplicity  of  microwave  systems  on  modern  airplanes  and  ships. 

The  minimum  size  of  wave  chides  is  limited  by  machinability  and  voltage 
breakdown  at  high  power.  Other  space  saving  techniques  have  been  brought 
to  the  foreground.  One  of  these  techniques  is  the  multi-mode  system. 

In  this  system  one  wave  guide  could  carry  energy  from  two  or  more 
different  sources,  perhaps  at  different  frequencies,  with  a minimum  of 
interaction,  by  using  a different  mode  of  propagation  for  each  energy 
source  (see  Fig„  1). 

The  purpose  of  this  study  is  twofold.  :ii» to  study  mode  selective 
methodis  of  coupling  wave  guides  with  apertures,  and  second,  to  develop 
directional  couplers  which  will  react  only  to  the  desired  mode  and  cause 
a negligible  amount  of  cross  coupling  between  the  propagating  modes. 

About  a dozen  basic  configurations  for  mode  selective  directional 
couplers  have  been  studied  for  various  combinations  of  TE-^q,  TE-^q,  and 
TE30  energy  propagations.  Of  these,  the  three  most  promising  were  studied 
experimentally  and  theoretically  with  the  TEio  au<*  TEpn  modes  present. 
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II.  COUEuDK}  THftOHT 


The  coupling  of  two  rectangular  wave  guides  transmitting  TE^ q waves 
nay  ha  calculated  from  formulas  developed  by  77.  A.  Bethe^,^■,^,^,^. 
Although  the  rigorous  validity  of  tliis  work  he?  been  questioned  by 
Bouwkamp,  the  practical  value  of  the  formulas  has  been  amply 
demonstrated  experimentally.  This  "small  hole  theory"  j.r,  based  on  the 
following  assumptions. 

1.  The  aperture  or  hole  is  small  with  respect  to  the  wave  length.  The 
results  of  these  formulas  are  very  accurate  where  the  major  uJ  Mansion 
of  the  aperture  is  less  thian  one-sixth  of  a free  space  vrave  length. 

A dielectric  in  the  aperture  would  increase  the  effective  size  of  the 
aperture  in  this  regard, 

2,  The  aperture  is  in  an  infinite  plane  wall.  This  requires  that  the 
aperture  not  be  near  a corner  of  the  wave  guide.  A situation  such 
a3  this  showed  a sli^it  loss  of  coupling  in  the  TE^n  directional 
coupler  discasssd  in  section  6C. 

3*  The  ws.ll  containing  the  aperture  is  infinitely  thin.  The  calculations 
for  the  effect  of  wall  thickness  will  bo  shown  later. 

The  amount  of  coupling  is  defined  as  the  ratio  of  the  power  in  the 
auxiliary  wave  guide  to  the  power  in  the  main  wave  guide,  expressed  in 
db.  Coupling  may  be  of  two  types,  electric  or  magnetic.  This  coupling 
may  be  visualized  as  the  fringing  of  the  electric  and/or  magnetic  field 
adjacent  to  the  aperture,  through  the  aperture  and  into  the  secondary 


Superscripts  refer  to  the  numbered  bibliography  listed  at 
the  end  of  the  paper'. 
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wave  guide^.  The  aperture  is  excited  by  an  incident  electric  or  magnetic 
field.  It  irt  turn  radiates  as  if  it  were  an  electric  or  magnetic  dipole 
in  the  aperture.  Essentially,  the  coupling  is  proportional  to  the  field 
strength  which  excites  the  aperture.  It  is  easy  to  see  from  reciprocity, 
that  the  mode  which  will  be  excited  in  the  auxiliary  wave  guide,  is  one 
which  would  excite  the  aperture  in  the  same  manner.  Also  from  reciprocity, 
the  amount  of  coupling  imst  be  proportional  to  the  relative  strength  of 
this  unperturbed  field  at  the  aperture  for  the  given  mode. 

The  aperture  will  have  a certain  "polarizability”  or  ability  to  couple 
or  transmit  which  is  only  a function  of  the  type  of  exciting  field,  and 
in  the  case  of  excitation  by  a magnetic  field,  the  orientation  of  the 
field.  According  to  Bethe^j  "Any  small  iris  can  be  characterized  by 
three  polarizabilities  p,  m^,  and  m2  which  determine  its  transmission 
wherever  the  iris  may  be  used.  This  means  that  wc  need  not  treat  the 
problem  of  the  wave  guide  or  cavity  with  Lne  iris,  but  we  may  treat  the 
iris  by  itself  and  tne  normal  modes  of  wave  guide  or  cavity  by  themselves 
and  obtain  the  required  results  by  a combination  of  tne  quantities 
relevant  for  the  individual  parts  of  the  system."  The  values  p,  m3., 
and  m2*  respectively,  represent  the  polarizability  to  the  electric  field, 
magnetic  field  parallel  to  the  major  axis  of  the  aperture,  and  magnetic 
field  perpendicular  to  the  major  axis  of  the  aperture.  Polarizabilities 
have  been  calculated,  for  simple  shapes.  For  a round  hole  they  are: 

p - d'/l2,  ra-j_  » d3/6  cuid.  IH2  **  d?/6 

where  d is  the  diameter  of  the  hole.  For  odd  shapes,  such  as  slots, 

5,6 

S.  B,  Cohn  has  found  the  polarizabilities  experimentally,  using 
static  tests,  in  terms  of  pd^,  m^d^,  and  where  p,  m^,  and  m2  are  a 
function  of  the  slot  shape , and  the  a is  the  long  dimension  of  the  slot. 


There  are  two  important  corrections  which  must  be  made  to  this 
coupling  theory.  The  first  is  for  the  attenuation  due  to  the  finite 
thickness  of  the  wall  containing  the  apertu The  finite 
thickness  of  the  aperture  may  be  considered  as  a length  of  ware  guide 
propagating  below  cutoff  (see  Appendix).  In  general,  attenuation  is 
g-eatest  for  electric  coupling.  The  electric  coupling  propagates 
as  !&n  through  a rectangular  slot  or  THqi  through  a circular  slot. 

The  only  difference  is  the  coordinate  system  which  defines  the  aperture 
shape  and  hence  the  mode  which  propagates  through  it.  Magnetic 
coupling  propagates  as  TE^q  through  a rectangular  aperture.  When 
determining  the  cutoff  wave  length  for  this  mode,  the  long  dimension  of 
tha  slot  must  be  used  for  a parallel  magnetic  field,  and  the  short 
dimension  for  a perpendicular  exciting  magnetic  field. 

The  second  correction  is  that  for  the  proximity  to  resonance  of 
the  slot.  As  stated  before,  this  theory  is  valid  only  for  small 
apertures,  but  the  calculations  are  fairly  accurate  in  the  case  of  a 
slot  whose  length  is  of  the  order  of  3/8  of  the  free  space  wave  length. 
Once  the  increased  coupling  is  determined  for  a large  slot  in  terms  of 
its  shape  and  proximity  to  resonance,  that  factor  should  apply  equally 
well  to  all  coupling  situations  with  the  same  slot  parameters.  An 
exception  to  this  would  be  in  the  case  where  the  slot  coup.les  an 
appreciable  fraction  of  the  power  being  propagated  in  the  main  wave 
(mide,  so  that  there  is  a "loading"  effect.  Where  the  coupling  is  less 
•ihan  -10  db  this  effect  is  quite  small. 

The  primary  emphasis  of  the  small  hole  theory  has  been  its 
application  to  coupling  between  two  similar  wave  guides  with  a common 
hole  at  the  center  of  the  adjacent  broad  or  narrow  face  of  the  wave 
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guides.  Bethe,  however,  has  the  formulation  in  a form  that  is  readily- 

expanded  to  handle  a general  coupling  situation.  The  general  form,  as 

expanded  in  this  paper,  will  allow  calculation  of  coupling  with  an 

aperture  at  any  position  with  respect  to  either  wave  guide.  Also,  the 
aperture  may  couple,  in  the  case  of  magnetic  coupling,  to  the  transverse 
field  of  one  wave  guide  and  the  longitudinal  field  of  the  other  wave  guide. 

Bethe*  s formulas  for  the  coupling  of  two  parallel  wave  guides  by 
sc  aperture  are: 

A2  “ rp5^  [ " “l  ^t  " lzs2  ni£  V‘2l  * pEl  ^2  j 

B2  ■ >TT2  [ * “l  ht  H2t  “ “2  hi  EZl  * pEl  “2  ] 

where  the  (2)  subscript  refers  to  the  secondary  wave  guide  and  the  (l) 
subscript  refers  to  the  primary  wave  guide.  Ap  and  Bp  refer  to  the 
amplitudes  of  the  elsctric  field  of  the  waves  excited  in  the  forward  and 
reverse  directions,  respectively,  with  a unit  electric  field  incident. 

The  signs  and  rti"  terms  denote  the  relative  phase  of  the  coupled  fields. 

The  quantities  m-^,  nip  and  p refer  to  the  polarizabilities  of  the 
aperture  to  the  transverse  magnetic  field,  longitudinal  magnetic  field., 
and  electric  field,  respectively.  Note  that  for  flexibility,  a different 
definition  of  these  terms  is  used  everywhere  else  in  this  paper,  such 
that  m-]_  refers  to  whichever  magnetic  field  is  parallel  to  the  slot. 

So  is  a normalizing  factor,  with  respect  to  the  secondary  wave 
guide,  equal  to  >.0  apb2/2  . it  is  the  term  used  to  normalize 

r_ 

electric  field  strength  to  power  flow.  It  will  be  shown  later  that 
his  term  is  necessary  so  the  formula  will  satisfy  reciprocity  conditions. 

end  P’2  represent  the  ratio  of  the  elsctric  field  at  the  aperture 
canter  to  the  maximum  electric  field  for  the  corresponding  wave  guide. 


/ 
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arid  represent  the  ratio  of  the  transverse  magnetic  field  at 
the  center  of  the  aperture  to  the  maximum  transverse  magnetic  field 
multiplied  by  the  tern  (l0^Ag)  which  relates  the  maximum  transverse 
magnetic  field  to  the  maximum  electric  field  for  any  TE  mode. 

Tlu  aiid  represent  the  ratio  of  the  longitudinal  magnetic  field 

at  the  center  of  the  aperture  to  the  maximum,  longitudinal  magnetic  field 
multiplied  by  the  term  CXjj/j^q)  which  relates  the  maximum  longitudinal 
magnetic  field  to  the  maximum  electric  field. 

If  the  S?J  normalization  terra  were  used  to  normalize  one  of  the 
magnetic  fields  (rather  than  the  electric  field)  to  the  power  flow,  the  H 
and  E factors  would  relate  their  corresponding  field  to  that  magnetic 
field  instead  of  to  the  electric  field  as  in  the  above  example. 

In  order  to  convert  thess  formulas  from  field  strength  ratios  to 
power  ratios  it  is  necessary  to  take  the  square  and  multiply  by  the 
normalization  term  for  the  secondary  wave  guide  arid  divide  by  the 
normalization  term  for  the  primary  wave  guide.  These  normalization 
terms  are  wit.h  respect  to  the  same  type  of  field  as  5?  in  the  formula. 

Handling  each  exciting  field  separately  and  converting  to  poire r 
ratios,  the  formulas  become  for  an  incident  field  of  unit  power: 


For  these  formulas  the  S terms  are  the  noma?J.zation  terms  for  the 
corresponding  field  exciting  or  being  excited,  and  the  H and  E terms  then 
need  only  by  the  ratio  of  the  adjacent  field  to  the  maximum  of  that  field. 


r 


i 
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Two  important  facts  should  be  not.prf  st  this  time.  All  terms  in  the 
power  equation  refer  to  each  wave  guide  in  an  equivalent  manner, 
thereby  satisfying  the  necessary  reciprocity  conditions.  It  is  also  quite 
proper  for  a slot  to  couple  to  the  transverse  magnetic  field  of  one  wave 
guide  and  the  longitudinal  magnetic  field  of  the  other  wave  guide.  In  the 
case  of  perpendicular  wave  guides,  the  major  magnetic  polarizability  of 
the  slot  (m-s ) would  do  just  thi<?fi  The  formula  would  be? 


•where  the  S and  H terms  would  refer  to  the  corresponding  field  being 
coupled  in  each  wave  guide.  The  development  of  the  formulas  in  the 
complete  form  to  handle  each  of  the  four  coupling  situations  follows. 

In  the  case  of  electric  coupling,  the  aperture  is  excited  by  an 
incident  electric  field  perpendicular  to  the  guide  wall  containing  the 
aperture.  The  aperture  will  then  reradiate  and  excite  any  modes  in 
either  wave  guide  which  would  ha.  s sr:  electric  field  perpendicular  to 
the  wall  at  the  center  of  the  aperture. 

Electric  Coupling:  may  be  calculated  as  follows: 


C **  g-  (db)  - 10  log10  (A2^  D1  D2)  - Attfi 


The  factor  "A"  represents  the  coupling  of  the  aperture  to  the 
normal  electric  field. 


tt2  r" 


v d' 


A f 

9 

where  r is  the  radius  of  a round  hole, 


d is  the  diameter  of  a round  hols, 

£ is  the  long  dimension  of  a slob  or  round  hole, 
p is  the  electric  polarizability  of  the  slot  or  round  hols, 
X0  is  the  free  space  wave  les^th,. 
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1/N  normalizes  the  maximum  electric  field  to  the  power  flow  in 
the  corresponding  wave  guide. 

2V,  a*, 

JT  5=  «m*l  IT  ^ 


^0*1  bl 


and  Kg. 


V2  b2 


where  is  the  guide  were  length  in  the  primary  (1st)  wave  guide, 

a^  is  the  wide  dimension  of  tha  primary  or  main  rectangular 
wave  guide, 

fc-;  io  tlio  u<xi  i-uw  dimension  of  the  primary  or  main  rectangular 
wave  guide, 

&2  is  the  wide  dimension  of  the  secondary  or  auxiliary 
wave  guide. 

D is  a correction  factor  fo^  the  displacement  of  the  slot  from  the 
position  of  the  maximum  electric  field  in  the  corresponding  wave  guide. 


^ r 


=1  - si“2  ( v)  ‘ (“v) 

where  x^  is  the  distance  of  the  aperture  o-snter  from  the  side  of  the 


main  wave  guide. 

Att0  is  attenuation  below  cutoff  due  to  the  finite  thickness  of 


the  aperture  (in  db) ... 

6.7  2gt 


Att 


i -( 


^coa  ^ ^ 
\ / 


'coa  "V  * o 

where  t is  tne  aperture  thickness, 

Acoa  is  the  cutoff  wave  length  of  the  aperture  for  the  proper  mode, 
k0  is  the  free  space  wave  length. 

For  a slot  aperture,  the  electric  coupling  is: 


c.10^  [*£  -a.-  ^L_  ,**p5La**  L Aa 

- 4 -s*ibi t.v>2  W'  WJ  hJ 


where  X, 


2w4 


c;u* 


n 


for  electric  coupling. 


V 


<•  ff  * 


AS 
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The  aperture  or 


The  second  type  of  coupling  is  magnetic  coupling, 
slot  is  excited  by  the  magnetic  field  in  the  plane  of  the  slot  ana 
radiates  like  a magnetic  dipole  in  the  plane  of,  and  parallel  to,  the  slot 
Coupling  can  he  either  by  a transverse  “series"  slot  or  a longitudinal 
“shunt"  slot*  A slot  at  an  angle  can  act  as  both  a series  and  a shunt 
slot.  No  slots  discussed  in  this  paper  will  combine  series  and  shunt 
coupling  to  the  same  wave  guide,  although  some  may  be  series  coupled 
to  one  wave  guide  and  shunt  coupled  to  the  other. 

Magnetic  coupling  may  be  ualculated  as  follows: 

p 

C - yL.  (db)  = 10  iog10  (a2m1^R1e2d1e2g1q2)  - Att^ 

The  factor  A is  the  coupling  cf  the  aperture  to  the  magnetic  field 
in  the  wave  guide.  This  is  normally  the  magnetic  field  which  is 
parallel  to  the  slot  which  corresponds  to  the  wall  surface  current  cut 
at  right  angles  to  the  slot.  By  using  nip,  the  polarizability  of  the 
slot  to  tho  orthogonal  field,  the  smaller  coupling  ic  the  orthogonal 
field  car  be  computed. 

where  nq_is  the  magnetic  polar- 
?r  ii.  inability  of  the  slot  to  the 

A - parallel  field  and  mg  the 

V polarizability  to  tho 

° orthogonal  field  r 

The  factor  normalizes  the  maximum  transverse  magnetic  field 

(at  the  center  of  the  wave  guide  for  THq_q)  to  the  power  flow  in  the 

corresponding  wevo  gulden 
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The  factor  is  the  ratio  of  shunt  to  series  coupling  in  the 


corresponding  wave  guide.  R is  only  inserted  in  the  formula  where  the 
slot  i;3  shunt  coupled  to  the  longitudinal  magnetic  field. 
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The  factor  is  the  correction  factor  for  the  displacement  of  the 
slot  from  the  position  of  the  maximum  field  of  the  type  to  which  the 
slot  is  coupling,  i.e.  transverse  or  longitudinal  magnetic. 
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for  a series  coupled  slot. 


for  a shunt  coupled  slot. 


The  factor  is  the  correction  factor  for  the  angle  between  the 
3ici  and  the  adjacent  magnetic  field  to  which  tlie  slot  is  coupling  in 
the  eoiveeponding  wave  guide. 


G-|_  “ cos^  G, 


where  Oi  is  the  angle  between  the 
slot  and  the  adjacent  magnetic 
field  in  the  corresponding 
wave  guide. 


Fb~  a slot  aoeriura,  series-series  aagnetic  coupled: 
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For  a slot  aperture  shunt-aeries  magnetic  coupled: 
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For  a slot  aperture  shunt-shunt  magnetic  coupled: 
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The  cutoff  wave  length  must  be  calculated  using  the  slot  dissension 
parallel  to  the  magnetic  field  whose  coupling  is  being  computed.  For  a 
rounded  slot: 

*coa  “ 2/“0^6w 

were  1 and  w are  the  length  and  width  of  the  3lot. 

See  Appendix  for  tables  for  rapid  calculation  of  coupling, 

III.  PRINCIPLES  OF  MODE  SELECTION 

Mode  selection  is  the  ratio  of  the  coupling  to  the  desired  mode 
to  that  of  the  unde3ired  mode.  It  is  just  the  difference  in  db  of  the 
coupling  to  each  mode,  using  the  coupling  formulas  previously  developed. 

The  primary  problem  of  mode  selection  is  to  so  orient  and  shape  the 
coupling  aperture  that  it  is  only  excited  by  the  desired  mode.  As  long 
as  the  aperture  is  ret  excited  by  an  undesired  mode,  it  cannot  excite 
the  undesired  mode  and  hence  will  not  cause  ary  cross  coupling  of  modes, 
which  will  be  the  major  problem  'I  any  multi-mode  system.  Obviously, 
the  first  step  in  mode  selective  directional  coupler  design  is  mode 
selective  aperture  design. 

The  coupling  of  any  aperture  to  energy  propagating  in  a wave  guide 
is  proportional  to  the  field  strength  adjacent  to  the  aperture,  with  the 
aperture,  removed.  In  the  limiting  case  where  the  aperture's  large 
dimension  is  about  one-sixth  of  a wave  length  or  less,  this  assumption 
is  justified,  for  the  aperture  has  a negligible  perturbing  effect 
upon  the  field  configuration  in  the  wave  guide.  Experimental  data  with 
resonant  half-wave  length  slot  radiators  has  ghown  that  this  assumption 
is  accurate  with  only  minor  perturbations  for  these  fairly  large  apertures. 
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A resonant  slot  radiating  into  naif  space  from  a wave  guide  has 
approximately  a sino  squared  relation  to  transverse  position  with 
respect  to  power  radiated. 

A small  aperture  may  be  excited  by  either  an  electric  or  a 
magnetic  field  adjacent  to  it.  Consequently,  to  obtain  mode  selection, 
the  aperture  must  either  be  placed  where  neither  type  of  field  exists 
for  the  undesired  r*>ie,  or  wltere  one  of  the  fields  is  zero  and  tte 
other  is  very  pocrly  coupled  due  to  the  shape  and  orientation  of  the 
slot.  There  is  no  place  on  the  boundary  of  a wave  guide  where  neither 
the  electric  nor  magnetic  field  exists  for  a TE  mode.  The  problem  then 
becomes  one  of  diminishing  the  coupling  of  the  undesired  field  by  the 
shape  and  orientation  of  the  aperture.  The  logical  solution  to  this 
requirement  is  the  narrow  slot. 

The  narrow  slot  couples  strongly  only  to  a magnetic  field  which 
is  parallel  to  the  long  dimension  of  the  slot.  Consequently  a slot 
will  effectively  reject  electric  coupling  and  coupling  by  the 
perpendicular  magnetic  field  in  favor  of  the  parallel  magnetic  field. 
According  to  small  hole  theory,  a round  hole  aperture  couples  6 db 
closer  to  a magnetic  field  than  to  an  electric  field.  According  to  an 
experimental  study  of  magnetic  and  electric  aperture  polarizability 
(ability  to  couple  to  adjacent  fields)  by  S,  B.  Cohn-^  changing  a 
round  hole  to  a slot  has  the  following  effects.  Coupling  to  the 
electric  field  is  decreased  rather  sharply  as  is  the  coupling  to 
magnetic  fields  which  are  perpendicular  to  the  long  dimension  of  the 
slot.  The  coupling  to  magnetic  fields  parallel  to  the  slot  is  only 
slightly  decreased.  A slot  with  sesd. -circular  ends  and  a length  to 
width  ratio  of  seven  is  less  sensitive  than  a round  hole  to  the  electric 


field  by  & factor  of  2?.l  db  and  tc  the  parallel  magnetic  field  by 
~Ji  db.  For  this  situation,  the  slct  couples  25.7  db  sore  strongly  to 
the  pars-llei  E field  than  to  the  E field.  The  coupling  to  the  electric 
field  ±e  further  reduced  by  the  attenuation  below  cutoff  das  to  the 
finite  thickness  of  the  slct  between  the  two  wave  guides  being  coapled. 

In  order  to  calculate  this  alternation , the  slot  ray  be  considered  to 
be  a wave  guide  of  appro  jurat ely  rectangular  cross  section,  propagating 
the  coupled  energy  below  cutoff  of  the  mole  excited  by  the  .bueideni 
field.  It  can  be  seer,  that  the  parallel  magnetic  field  would  excite 
the  IEjo  asode  in  the  slot  while  the  normal  electric  field  would  excite 
the  no<ie»  I**  H^-|  soda  is  nuob  farther  below  cutoff  than  the 
TF~q  mode,  and  this  difference  increases  with  depressing  slot  width. 

1 typical  case  in  the  expenses  its  to  follow’  is  a slot  with,  length. 

0.ij20  inches,  widih  0.060  inches,  and  thickness  .050  inches.  Fbr  a 
frequsnoy  of  9375  rc,  the  attenuation  of  the  magnetic  coupling  is 
only  2.6  db  while  that  of  the  electric  coupling  is  25.1  db  causing  an 
additional  ration  of  20.5  do  between  the  two  types  of  coupling. 

Froa  the  foregoing  it  can  be  seen  that  for  a slot  of  only 
moderate  length  to  width  ratio,  the  coupling  to  the  no  real  electric 
field  and  the  perpendicular  magnetic  field  <s  quite  ssisH  with  respect 
to  the  coupling  to  the  parallel  magnetic  field,  the  node  selection  problem 
is  much  simplified.  Soda  selection  nay  be  obtained  by  placing  the  .slot 
where  a parallel  magnetic  field  exists  for  the  desired  mode  and  does 
not  exist  for  tha  undesired  mode.  Since  all  ?E  modes  have  a 
longitudinal  H field  adjacent  to  the  narrow  side  of  the  wave  guide, 
good  node  selection  here  is  out  of  the  question.  Higher  vodes  would 
couple  somewhat  more  closely  because  of  stronger  longitudinal  uagnetic 
fields  due  to  tie  proximity  to  cutoff-  hut-  the  node  selection  would  not 
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A longitudinal  slcrt  placed  at  the  center  of  the  ware  guide  'like  the 
slot  for  a cccrrsatioaal  sliding  probe)  will  net  couple  to  tie  TE>C.  mode, 
since  There  is  no  longitudinal  magnetic  fluid  at  the  center  of  iue  save 
guide  (see  Fig.  2).  This:  slot  will  couple,  however,  to  the  Ti^g 
•“hich  has  a nasi  anas  longitudinal  H field  at  this  point.  The  weafcesx  link 
in  tbe  node  selection  of  this  slot  not  the  rejection  cf  the  strong 
TSj£  electric  field,  as  slight-  be  expected,  but  the  tolerance  with  which 
the  slot  is  machined  at  the  center  of  the  ware  guide.  A clot  slightly 
off  center  will  couple  to  the  longitudinal  H field  of  the  TE^n 
which  has  a cosine  variation  in  the  transverse  direction*  This  is  the 
factor  limiting  the  mode  selection  of  this  type  of  slot.  The  node 
selection  is  often  aided  by  the  fact  that  the  TE^  mode,  which  is  closer 
to  cutoff,  has  a proportionately  stronger  longitudinal  K field  than  tbs 
^LO  node. 

In  order  to  calculate  mode  selection,  it  is  necessary  fto  calculate 
all  possible  types  of  coupling  which  nsy  coctri  ~Trte»  In  the  case  of  this 
paper,  all  coupling  apertures  are  slots  of  median  lerwrtfa,  which  couple 
predcminantly  to  the  magnetic  field  parallel  to  the  slot.  Guopling  of 
tbe  urdesired  node  could  occur  through  electric  coupling,  coupling  of 
!12g2Stlc  flsld  QT*r  qyvtti  -f  Ho  sl.O"t  5 OT  CO'Jpling  O * BSgEK'fcl.C 

field  parallel  to  the  slot.  Sven  though  the  slot  is  placed  at  a null 
of  the  magnetic  field  parallel  to  the  slot,  calcBlat-?ons  have  shown  that 
if  the  slot  position,  is  only  displaced  by  0.GC2*,  this  type  of  uedesired 
coupling  will  predominate. 
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IV.  APPLICATION  OF  MODE  SELECTIVE  SLOTS  TO  DIRECT TONAL  COUPLERS 

To  obtain  node  select ion,  the  following  requisites  are  necessary. 

The  coupling  aperture  nmat  be  the  general  shape  of  aa  ellipse  or  rectangle 
in  order  to  couple  to  tbs  preferred  magnetic  field  »ruch  acre  closely  than 
the  electric  field  or  magnetic  field  orthogonal  to  the  slot.  Calculations 
abcrs  that  to  mlrdaize  undesired  coupling,  the  length  to  width  ratio  of 
the  aperture  should  be  at  least  ?;1  and  10:1  is  preferable.  3£ith  this 
type  of  slot,  which  will  couple  strongly  to  only  the  parallel  aagnetic 
field,  it  ia  necessary  to  find  a slot  position  and  orientation  where 
there  is  at.  adjacent  magnetic  field  of  the  desired  mode  and  not  the 
unde  sired  node  (see  fig.  2}*  An  even  rode  can  always  be  coupled  in 
preference  to  an  odd  cede  ry  « centered  l-.ugitudinel  slot.  An  odd  mode 
can  always  be  coupled  in  preference  to  an  even  node  by  a center  of  a series 
(transverse)  or  shunt  ( longitudinal)  slot  will  he  at  a troll.  Tc  obtain 
high  wode  selection  it  is  desirable  to  use  a shunt  slot  for  the  higher  node 
and  aserf.es  slot  for  the  lower  mode.  A higher  mode  will  be  closer  to 
cutoff  and  have  stronger  longitudinal  field  while  the  reverse  is  true  of 
a lower  node* 

Once  clots  nave  bees  found  which  will  select  modes,  a directional 
array  may  be  chosen  which  will  allow  proper  excitation  of  the  auxiliary  or 
secondary  wave  guides.  The  two  hole  type  directional  coupler  is  simplest 
and  will  always  siic-  coupling  to  toe  sane  node  in  the  auxiliary  guide. 

It  will  also  permit  excitation  of  the  first  mode  which  seems  most  practical 
for  * system  once  the  modes  have  bscr*  separated.  7hi3  type  of  coupler  can 
also  be  extended  to  a binomial  or  Tschebyscheff  array  for  bjfoaub&udicg 
parroses.  A reverje  type  directional  coupler  will  reject  ary  given  even 


node 
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7.  HXFEElXSSIiL  JTOCED05ES. 


The  coaling  in  the  forward  or  preferred  direct! cn,  corplirv  in  the 
backward  or  r^n— preferred  direction,  and  coupling  cf  the  undesired  node 
in  the  forward  direction  ware  measured  directly  in  db.  The  results  for 
each  coupler  were  plotted  on  a single  graph  as  * function  of  frequency. 
The  directivity  is  sisplv  the  difference  in  db  between  toe  backward 
coupling  sod  the  forward  coupling  of  the  -desired  mede. 

The  appropriate  node  was  excited  in  the  prime ry  guide  of  the 
directional  coupler  with  the  transducer  shown  in  fig*  3a,  b,  Energy  fed 
into  amt  1 cf  the  transducer  is  propagated  as  the  Tf^Q  while  energy- 
fed  into  ana  2 of  the  transducer  is  propagated  as  TE^q  at  the  output- 
amt  3,  which  was  conn ec ted  to  the  coupler.  The  cross  coupling  of  the 
transducer  was  less  then  =5*1  db  and  was  neglected  in  the  experiment. 

The  primary  guide  of  the  coupler  was  terminated  with  a sliding  load 
which  had  a cross  coupling  of  -6>  do  and  a *3WE  of  less  than  1.02  for 
both  nodes. 

Untuned  Hewlett-Packard  UtiiA  probes  and  crystals  were  used  as  power 
measuring  devices.  These  were  used  in  conjunciioii  with  a HP  1*15#  meter. 
%ere  crystals  were  used,  they  were  preceded  by  a pad  attenuator,  as 
shown  in  Fig.  Ita,  b to  keep  the  standing  wave  ratio  low.  The  sensitivity 
of  the  power  measuring  devices,  relative  to  a prebe  chosen  as  a standard, 
was  measured  in  db  by  varying  an  attenuator  sc  each  probe  or  crystal  gave 
the  name  rsading  of  -55  db  on  the  aster.  Tha  difference  in  attenuator 
reading  was  the  relative  sensitivity  of  the  probe  or  crystal  to  the 
standard  probe.  111  coupling  aeasurezsenta  were  essentially  the  sane . 
i.  probe  or  crystal  was  placed  at  the  desired  output  of  the  coupler  and 
a probe  va3  placed  at  the  input  to  the  transducer.  The  calibrated 
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Fig.  3b  TE10  - TE20  5fode  Transducer 
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FIG  4a 


experimental  set-up 


attenuator  was  varied  so  each  probe  or  crystal  had  the  same  meter  reading 
as  was  used  originally  to  find  its  relative  sensitivity.  The  coupling  of 
the  coupler  being  measured  was  the  extra  sensitivity  of  the  output  probe 
plus  the  difference  in  attenuator  reading.  The  basic  standard  for  all 
measurements  was  the  calibrated  attenuator.  The  probes,  crystals,  and 
metor  were  always  read  the  same  level,  so  variations  of  characteristics 
with  power  level  had  no  effect  on  the  experimental  resulta. 

To  measure  the  forward  coupling  of  a coupler,  a probe  was  placed  at 
the  forward  output  arm  and  another  was  placed  at  the  input  to  the  transducer 
with  the  transducer  input  matched.  The  proper  arm  of  the  transducer  was 
chosen  the  desired  mode  was  fed  to  the  primary  guide  of  the  coupler. 

To  measure  the  coupling  of  the  undesired  mode,  energy  was  fed  to  the 
corresponding  matched  arm  of  the  transducer  with  a crystal  at  the  output 
arm  of  the  coupler  and  a probe  at  the  input  arm  of  the  transducer. 

VI.  EXPERIMENTAL  MODE  SELECTIVE  DIRECTIONAL  COUPLERS  AND  RESULTS 

A.  TE^o  Mode  Two  Hole  Type  Coupler. 

The  experimental  results  show  this  coupler  to  be  a practical  mode 
selective  directional  coupler  (see  Fig:.  5 and  6).  The  forward  coupling 
egress  fairly  well  with  the  theory.  The  forward  coupling  varies  from  two 
to  four  db  closer  than  small  hole  theory  predicts  as  frequency  is 
increased,  but  this  is  expected  since  the  slots  used  were  about  2/3  resonant 
length,  “"or  this  slot  iengtti  of  0. 1*1*0°,  the  proximity  to  resonance  of  the 
slot  does  not  cause  enough  frequency  sensitivity  of  coupling  to  detract 
from  the  value  of  the  directional  coupler  for  most  uses:  In  future 
designs  the  resonance  effect  cf  the  slots  could,  be  considered  approximately 
constant  (in  db)  so  the  desired  forward  coupling  should  be  obtained  within 
an  error  of  £ 1 db. 
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From  the  results  of  this  stucfcr  it  is  not  possible  to  calculate 
precisely  the  slot  spacing  for  a given  optimum  frequency  of  directivity. 
Conventional  axK  band  directional  couplers  with  a forward  coupling  of 
-20  db  have  been  designed  using  a spacing  of  0.973  l-A-  The  empirical 

o 

constant  is  different  for  this  type  coupler  using  dissimilar  wave 
guides.  To  complicate  matters,  the  constant  apparently  varies  with  the 
desired  optimum  frequency.  This  experimental  coupler  with  a slot  spacing 
of  0.357"  and  an  optimum  frequency  of  9300  me  has  a constant  of  0.873. 
Another  coupler  of  the  same  design  and  forward  coupling  bad  a slot  spacing 
of  0.381"  and  an  optimum  frequency  of  9020  me  which  would  correspond  to  a 
constant  of  0.913.  Since  this  empirical  constai  »t  varies  conaide  r&bxjr  f & 
rather  detailed  study  would  be  necessary  to  make  it  possible  i,o  design  a 
coupler  for  a given  optimum  frequency  accurately  on  the  first  try.  The 
directivity  characteristics  of  the  coupler  also  deviate  slightly  from  the 
calculated  values,  assuming  the  theoretical  curve  is  centered  on  the 
actual  optimum  frequency  of  the  coupler.  Since  this  deviation  is  not 
serious,  the  theoretical  curve  gives  an  approximate  picture  of  the 
directivity  characteristics  of  thi3  type  coupler.  An  important  feature 
of  this  coupler  design  is  that  th**re  is  no  limit  to  the  number  of  slots 
that  may  be  used  so  a binomial  type  array  could  be  used  which  would 
improve  the  frequency  characteristics  of  the  directivity  considerably. 

The  mode  selection  of  this  coupler  is  30  db.  The  calculated  mode 
selection  for  a slot  tolerance  of  i 0.001"  is  28  db.  Transverse  slots 
have  inherently  good  mods  selection  w hen  coupling  TE-q  and  rejecting 
TK2o*  This  is  because  the  TE^o  Kods  has  a stronger  transverse  magnetic 
field,  slightly  strongei  hhsr.  the  TE^q  mode.  It.  would  be  difficult  to 
obtain  a greater  men.?  selection  since  machining  tolerances  of  less  than 
* O.Od"  are  difficult  and  expensive  to  obtain. 
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3,  TS^o  Mode  Reverse  Type  Coupler, 

The  experimental  results  show  that  this  typs  cf  coupler  is  limited 
in  its  practical  value  («e«  Figs.  7.  8.  and  9).  Two  couplers  were  studied 
using  different  values  of  forward  coupling  and  optimum  frequency  of 
directivity. 

A definite  disadvantage  of  this  type  coupler  is  that  the  T%q  mode 
has  vaa'ic  longitudinal  magnetic  fields  in  the  broad  wave  guide,  since  the 
mode  is  far  from  ctioff*  This  requires  a long  slot  to  obtain  coupling 
of  ••20  db.  in  the  case  of  the  model  "A"  coupler  (Fig.  9)  the  slots  used 
were  0.530”  long  which  Is  about  805?  of  the  resonant  length  at  9375  me. 

The  slot’s  proximity  to  resonance  causes  a very  ’nigh  frequency  sensitivity 
of  forward  coupling  which  causes  a variation  of  12  db  of  the  coupling  in 
the  frequency  range  between  8800  and  10000  mo.  If  the  coupler  is  to  be 
used  at  one  frequency  only,  or  over  a 3mall  frequency  range,  this  frequency 
sensitivity  of  coupling  will  not  necessarily  be  a disadvantage.  In  the 
ease  of  the  model  "B"  coupler,  where  the  forward  coupling  is  -29  db,  the 
variation  of  forward  coupling  is  less  than  4 db  over  the  broad  frequency 
range.  For  this  coupling  the  slot  length  is  0.1*50"  which  is  not  close 
enough  to  resonance  to  cause  trouble.  This  characteristic  of  this  design 
must  be  evaluated  in  terms  of  the  use  for  which  the  coupler  is  being 
designed. 

The  electrical  path  lengths  should  be  equal  toward  arm  3 for  complete 
eonoellaticn.  The  angle  "0",  of  the  secondary  wavs  guide,  is  adjusted  to 
meet  this  rendition  at  the  desired  optimum  frequency  of  directivity. 

By  changing  the  angle  avav  from  90°,  due  tc  the  different  guide  wave 
lengths,  a frequency  sensitivity  of  directivity  is  introduced.  The  utility 
cf  this  coupler  with  respect  to  directivity  is  quite  dependant  on  the 


28 


conditions  of  its  use.  The  frequency  sensitivity  of  this  directional 
coupler  depends  on  the  difference  of  the  change  in  guide  wave  length 
as  the  frequency  is  changed  from  that  of  optimum  directivity.  If  the 
cutoff  frequency  for  the  modes  being  coupled  in  the  wavs  guides  are  not 
too  far  apart,  the  directivity  will  be  good  over  a broad  band.  Also, 
if  the  frequency  is  far  above  cutoff,  tha  difference  between  the  change 
in  guide  wave  lengths  will  be  small  and  directivity  will  remain  high. 
The  *B"  coupler,  which  has  a higher  frequency  of  optimum  directivity 
has  a broader  range  of  good  directivity.  This  is  because  at  the  higher 
frequency  the  guide  wave  length  is  not  affected  a great  deal  by  the 
proximity  tc-  cutoff  in  the  two  wave  guides.  If  the  true  crons  mi-trtn 
design  were  being  used  with  similar  wave  guides,  the  directivity  would 
have  no  essential  frequency  sensitivity  and  would  be  high  all  across 
the  frequency  band. 


The  frequency  of  optimum  directivity  is  lower  than  the  theoretical 
value,  as  in  the  other  directional  couplers.  This  is  most  likely  due  to 
a shift  in  phase  in  the  primary  wave  guide  due  to  the  presence  of  the 
coupling  slots. 

The  theoretical  modo  selection  of  this  type  coupler  is  not  as  good 
as  that  of  the  two  hole  couplers,  The  reason  is  that  longitudinal  slots 
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field  than  tha  TEt_q  mode  because  it  is  closer  to  cutoff.  The  experimental 
mode  selection  is  2k  dfe  and  20  db  for  models  "A"  and  "Bn,  respectively, 
which  is  6 to  10  db  less  than  the  mode  selection  of  the  TE^q  two  hole 
couplers.  The  theoretical  difference  is  about  10  db.  A relative  variation 
of  a few  db  is  tc  bs  expected,  since  the  mode  selection  is  dependent  upon 
the  position  tolerancs  of  the  slot  which  is  about  - 0.001*/ 
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MODIFIED  CROSS  GUIDE  TY-PE  DIRECTIONAL 
COUPLER  (a)  AND  (b ‘ 


FIG.  7 
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0.  T&2Q  hr ds  Two  Hole  Type  Coupler  , 

The  experimental  results  and  calculations  show  this  coupler  design 
to  be  the  best  of  the  designs  studied  (soe  Figs*  10  and  U).  The  forward 
coupling  decreases  (greater  negative  db)  by  about  1 db  from  bbOO  me  to 
10000  me*  The  theoretical  forward  coupling  decreases  more  rapidly  than 
this  but  is  partially  compensated  for  by  the  frequency  dependence  of  the 
slot*  The  experimental  forward  coupling  is  almost  identical  to  the 
calculated  forward  coupling,  but  this  is  probably  due  to  two  compensating 
factors  causing  errors,  each  having  an  effect  of  about  2 db.  In  other 
coupling  situations,  the  proximity  to  resonance  for  s slot  of  this  length 
(O.UUO")  causes  an  increased  coupling  of  about  2 db.  Since  the  slots 
couple  into  the  secondary  wave  guide  very  close  the  narrow  side  a slight 
loss  in  coupling  would  be  expected,  which  appears  to  be  the  compensating 
2 db. 

The  directivity  of  this  coupler  is  very  close  to  the  calculated 
values.  The  optimum  frequency  of  directivity  is  the  same  as  that  calculated 
using  the  conventional  empirical  constant  of  0*573  in  the  formula  for  slot 
spacing.  Judging  from  the  results  of  the  TS^o  ®°de  two  hole  type  coupler, 
this  factor  may  not  necessarily  hold  for  different  frequencies  or 
different  combinations  of  wave  guide  sizes.  The  frequency  sensitivity 
of  the  directivity  is  -ery  close  to  the  theoretical  as  shown  on  Fig.  11. 

This  coupler  could  also  be  designed  with  a greater  number  of  coupling  slots 
in  a binomial  type  array  to  increase  the  frequency  band  of  high  directivity. 

The  mode  selection  or  this  couple  r*  sb'juv  30  » y » t Gir*c5  u 
longitudinal  magnetic  fields  are  weaker  in  the  TIhp  *r.- de , mode  selection 
is  aided  by  a factor  of  over  8 db.  The  slot  position  is  least  critical 
when  rejecting  the  TE^o  ®ode  because  there  is  only  one -half  cosine 
variation  of  fie]jd  and  hence  loss  change  of  field  strength  with  respect 


to  position  near  the  null*  The  TE20  nwoe  has  a full  cosine  transverse 
variation  of  field  and  is  tvi.ee  as  sensitive  to  slot  position. 


TE,e  MODE  TWO  HOLE  TYPE  DIP.ECTIONAL  COUPLER 


SLOT  LENGTH  0 . 

SLOT  WIDTH  3.060" 

SLOT  THICEHESS  0.050* 

SLOT  SPACING  0.465* 
CJSTIS  TO  CENTER 

SLOT  SPACING  0.043s 
BETWEEN  ADJACENT  ENDS 


TERMINATION  TN 
SMALL  «AYEG!!ID 


VTI.  CONCLUSIONS 


Small  held  coupling  thsory  may  be  Applied  to  general  coupling 
situations  where  dissimilar  wave  guides  and  modes  are  present.  In 
the  case  where  slot  apertures  are  used  which  are  longer  than  the  limit 

i 

for  strict  application  of  small  hole  theory,  but  less  than  3/8  of  a free 
space  wave  length,  a small  correction  factor  may  be  used.  This  ir.cren«ed 
coupling  due  to  the  proximity  to  resonance  of  the  slot  is  of  the  order  of 
U db  or  less,  but  increases  rapdily  as  the  slot  length  is  made  longer 
than  3/8  of  a wave  length. 

Narrow  slots  with  a length  to  width  ratio  of  seven  or  more  and  a 
thickness  of  O.OrO"  will  couple  at  least  1*0  db  more  closely  to  the  parallel 
magnetic  field  than  to  the  perpendicular  magnetic  field  or  the  electric 
field.  By  placing  such  a slot  where  there  is  a null  cf  the  parallel 
magnetic  field  of  a given  propagating  mode,  the  slot  will  essentially 
reject  that  mode  in  favor  of  cue  '^ith  a strong  parallel  field  at  that 
position. 

It  has  been  shown  that  mods  selection  of  the  order  of  30  db  is  possible 
in  practical  directional  couplers  where  the  TS^q  and  TE20  m°des  are  prooent. 

The  procedures  outlined  in  this  paper  may  be  applied  to  other'  modes 
(TE30,  TE}j0»  etc.),  ffcde  selection  of  these  higher  modes  is  poorer  since 
the  fields  build  up  more  rapdily  on  either  side  of  a null  position. 

The  two  hole  type  directional  coupler,  or  multi-hole  couplers  of  the 
same  basic  design,  has  the  best  all  around  characteristics  with  respect  to 
directivity,  mode  selection,  and  frequency  sensitivity  of  forward  coupling. 

ror  a practical  operating  system,  mode  a elect ion  of  greater  than 
50  db  would  be  necessary.  Other  discontinuities  in  the  system  such  as 
joints  and  bends  normally  cause  cross  coupling  between  tho  modes  of  this 
order  of  magnitude.  A photograph  of  three  couplers  is  ehown  in  Fig.  12. 
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Tvolcal  Mode  Selective 
Directional  Couplers 
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APPENDIX  I 

Sliding  inal  reaaurenienh  Technique 

When  measuring  power  at  some  point , often  the  measurement  is 
affected  by  mismatched  terrains  to.  on  s at  one  or  more  places  in  the  circuit, 
iy  using  sliding  terminations.  Fig.  13  • the  powe’"  at  the  point  of 
measurement  may  be  determined  for  the  case  of  ideal  terminations.  Two 
readings  s-i  taken,  one  with  all  reflections  from  the  terminations 
adding  directly  to  the  "ideal'*  field  strength,  and  another  with  all 
reflections  subtracting  from  the  "ideal"  field  strength.  A practical 
systematic  procedure  which  may  be  followed  for  such  a measurement  is 
outlined  hers. 

First,  successively  adjust  all  loads  until  the  reading  is  a maximum 
at  the  point  of  measurement.  With  a large  number  of  loads,  this  will 
require  a large  number  of  adjustments  uf  each  load.  Next,  adjust  each 
load  in  turn  by  moving  approximately  one -half  a guide  wave  length  and 
adjusting  for  a minimum  at  the  point  of  measurement.  Bach  sliding  load 
should  be  adjusted  only  once.  If  the  nth  load  adjusted  causes  the 
measured  power  to  pass  through  zero  at  positions  each  side  of  the  new 
position  one -half  a guide  wave  length  from  the  original  position,  that 
load,  and  all  further  loads,  adjusted,  should  he  adjusted  for  a maximum 
reading.  The*  sscond  reading  is  always  less  than  the  first,  regardless 
of  whether  the  final  adjustment  is  to  obtain  a maximum  or  a minimum. 

The  difference  of  these  two  readings  should  be  determined  in  decibels. 

By  imowing  ths  difference  of  these  two  readings  in  db;  and  whether  the 
final  adjustment  of  the  second  reading  was  for  a maximum  or  minimum,  the 
strength  of  the  "ideal"  power  reading,  may  be  determined  from  the 
accompanying  graph.  Fig-  lit. 
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Fig.  13  Sliding  Termination 
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The  sum  cf  £.11  the  loud  reflections  added  together  is  the  "ideal* 
readings  It  is  considered  as  a separate  single  signal.  By 
determining  the  difference  in  db  bstvean  the  two  signals  adding  and 
subtract :lng,  the  ratio  of  each  signal  to  the  sum  or  maximum  reading  may 
be  determined  cn  the  gr&ph.  If  varying  the  loads  causes  a null,  then 
tbs  “ideal*  reading  is  the  smaller  of  the  two,  wills  if  the  final 
adjustment  is  for  a minimum,  the  side&I"  reading  is  the  larger  of  the 
two* 

The  values  for  the  grach  were  obtained  by  assuming  a signal  of 
unit  field  strength  and  smaller  signal  of  varying  values  (V* ).  Ffcr 
each  7'  three  things  are  determined.  These  are:  the  range  or  difference 
in  readings  in  decibels,  the  ratio  of  the  m?vi7mun  reeding  to  the  larger 
signal  in  decibels,  and  the  ratio  cf  the  maximum  to  the  smaller  leading 
in  decibels. 

Example:  For  a large  signal  of  unity  and  a signal  { V* ) of  0.3: 

1 ♦ 7«  . 1.^  « 2.3  (db) 

1 - 7'  - 0.7  - -3.1  (db) 

Th*  range  will  be  f>.U  (db). 

It  can  easily  be  seen  that  the  largo  unit  signal  is  the  maximum 
reading  multiplied  by  l/(l  + v»).  In  this  case  the  unit  signal  is  2.3 
db  weaker  than  the  maximum  reading.  The  small  signal,  is  the  maximum 
field  multiplied  by: 

V*/  (1  +7* ) - 0.3  / 1.3  » -12.8  db. 
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APPENDIX  n 


Calculations  for  Attenuation.  Due  to  Finite  Thickness 
of  Coupling  Slot 


Since  ths  small  hole  theory  of  aperture  coupling  of  wave  guides 
requires  an  infinitely  thin  wall  between  the  two  wave  guides,  n finite 
thickness  causes  e decrease  in  coupling.  The  coupling  may  be  considered 
to  be  a wave  guide  mode  propagating  through  the  aperture  below 
cutoff3-1*'7.  For  a slot  aperture  considered  to  be  similar  to  a 
rectangular  wave  guide,  electric  coupling  propagates  as  Tit)]  and 
magnetic  coupling  propagates  as  TEjq.  The  attenuation  or  decrease  in 
coupling  is  calculated  for  a length  «f  wave  guide  equal  to  the  thickness 
of  the  slot.  The  formula  for  the  attenuation  is  as  follow?* 


/ 

*1.6  t /,  _ \ 


where  t is  the  thickness  of  the  aperture, 

A.  is  the  free  space  cutoff  wave  length  of  the  aperture 

eo 

for  the  mode  corrfispcndir.g  to  the  typo  of  coupling, 

X 'is  the  free  space  wave  length, 
o 

For  the  TMn  node  and  a rectangular  slot  or  a narrow  slot  with 

rounded  ends: 

X - 2th7  _ 

so  = / o \o 

Vw  ♦ 1 

For  the  TB^q  mode  and  a slot  with  rounded  ends: 

*co  - 2 (1  - 0.273*} 
where  ■$  is  the  length  of  the  elot., 
v is  the  width  of  the  slot. 
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APPENDIX  III 
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Coupling  Calculationn  and  Tables 


To  simplify  tns  calculation  of  coupling  using  the  formulas  developed 
in  part  II,  the  fonsulfl?  may  be  broken  down  into  part3.  Where  there  are 
s number  of  terms  being  multiplied  under  the  logarithm,  the  terms  can  be 
converted  to  decibels  separately  and  added.  It  may  be  noted  that  there 
is  i natural  grouping  of  terns  as  they  refer  to  slot  parameters,  wave 
guide  dimensions,  type  of  field  coupled  to,  etc.  Ry  tabulating  these 
natural  groups,  the  theoretical  coupling  may  ba  obtained  by  merely 
Mowing  the  values  (in  db)  of  the  proper  combination  of  groups. 

The  formula  for  electric  coupling  may  be  broken  down  into  six  parts 
where ; 

c Ai  + A2  * Be  -Atte  + Di  + Dg  (for  one  slot) 

Is  T^rni  Ai  includes  terms  Involving  frequency  and  the  primary  wave  guide's 
dimensions.  /2*  A \ 

*i  "i°  logic(“ir'“'“  i 

Y*o  *1  bl/ 

2.  Ter®  Ag  includes  terms  involving  frequency  and  the  secondary  wave 

guide’s  dimensions.  (&•  \ 

A0  « 10  log,  f,  I -* ±—  ) 


a b,  j 
o 2 2/ 


3->  Term  Ba  includes  tanas  involving  the  slot  siae  and  shape., 

B » 20  login  (p) 

V U.O 

where  -t  if;  the  length  of  the  slot  and 

p is  the  polar inability  of  the  slot1 s ahpe. 

U.  Tom  Att3  is  the  attenuation  beyond  cutoff  of  the  slot.  This  jaay  ba 
obtained  Fig^  lb  irs  Appendix  II. 
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5,  Term  Ih  is  ths  term  involving  the  displacement  or  the  slot  with 
rcspact  to  the  primary  wave  guide, 

D}  - 20  log10  sin  (nu  sj/ai) 

where  n ovrresponds  to  the  TE^q  mode, 

„ j _ .U  X At  — .1  *1  s.  - J _JS  *»  - 

^V|  18  Uliry  «1^C  wou^o  Ul  WUO  OXV  t?  ii^iu  .'iiO  UX  Uf« 


wave  guiae* 

a-  is  the  width  of  the  wave  guide* 

6,  Term  D2  is  the  term  involving  the  displacement  of  the  slot  with 
respect  to  the  secondary  wave  guide. 

The  terms  and  D2  a™  normally  unity  under  the  logarithm  and 
equal  to  zero  ao.  mtse  will  not  be  tabulated,  Note  that  some  terms 
are  positive  decibels  and  others  are  negative  decibels  and  must  b« 


added  accordingly. 


Electric  Coupling  Tens  (i) 

in  decibels 

Narrow  Guide 

Wide  Guide 

Wide  Guide 

Frequency 

72^0  Mode 

TE^q  Mode 

TEgQ  Mode 

8800 

♦12.9  db 

+Q_2.  *«» 

*•?  i *al. 

9000 

12.9 

?’.2  ’ 

11.2 

9200 

12.9 

9.2 

11.1 

9375 

12.9 

?,3 

11.0 

9600 

12.9 

ft  J. 

11,0 

9800 

12.9 

9.5 

ll.C 

10000 

12.9 

9.6 

10,9 

Slot  Term  (B-)  in  decibels.  Slot  Width  0.060", 


iyt  Length 

Be 

o.o6o» 

-9)4.8  db 

0.120 

8U.3 

0.160 

79.7 

0.2U0 

76.6. 

0.300 

mI  r* 

mo 

01360 

72  „6 

G.U20 

71.2 

oJjftn 

Ac.n 

0,540 

68 1 7 

0.600 

67.7 

0.6 60 

66-U 

-/ 
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The  foTisx las  for  Magnetic  coupling  ssy  be  in  iha 


warmer  where: 

Gjj  ■ ♦ M2  + Bjj  -A.ttjj  ♦ i>i  * I>2  * Gi  - &2  (fci-  c*s  slot 

1*  "er-  Mh  includes  tersa  JLIlTUi.l'ijlg  frequency,  the  primary  wavs  guide's 
dimers ions,  and  the  primary  guide  wave  length.  TU=  le»  say  be  chosen 
to  represent  coupling  t«  either  the  transverse  or  the  longitudinal 


Miy>..yabV 


Whan  coupling  to  the  transverse  Magnetic  field 

Wien  coupling  tc  the  longitudinal  magnetic  field 

2*  }„ 

*C0  X bl 

2»,  Tent  M2  is  the  ease  as  M*.  except  that  it  refers  „o  the  secondary 
wave  guide. 

3.  Term  Bh  includes  terms  involving  the  slot  size  and  shape*.  Bfc  nay  ba 
calculated  using  the  polarizability  (mp)  with  respect  to  the  magnetic 
field  perpendicular  to  the  slot  length  as  well  as  (arjJ,  the  magnetic 
polarie ability  with  respect  to  the  parallel  magnetic  field. 

Bh  * 20  login  (a) 

4«  Attjj  is  the  attenuation  beyond  cutoff  of  the  slot.  The  values  fox- 
computing  the  coupling  of  the  magnetic  field  parallel  to  ths  slot  are 
found  on  Fig*  m»  For  the  coupling  of  the  perpendicular  magnetic 
field,  the  At-tji  i»  1**8  db  for  each  0.010°  thiclmess  for  a long  slot 
C,060*  wide« 

5.  The  D and  C tarsss  refer  to  the  position  and  angle  of  the  slot. 


These  are  defined  in  part  II,  but  are  normally  equal  to  zero  db 
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Magnetic  Coupling  Tern  (M)  in  Decibels  (positive) . 


Harrow 

Wave  Guide 

Wide  Wave 

Guide 

Wide  Wave 

Guide 

Tran sv, 

. Lciigit . 

‘Vrausverse 

Fi$iu 

Longitudinal 

FJeid 

Freq. 

Field 

Field 

^0 

mm 

— ZQ 

TB10 

**20 

8800 

.4.  O I* 

/ *H 

alft  ^ 

* 

+8*? 

+6.0 

+1-5 

•j  ?.3 

9000 

9.6 

10.1 

S.3 

6.3 

w 1. 

9.5 

9200 

9.8 

9.9 

8.5 

6.6 

1.3 

9.1 

9375 

10.0 

9.8 

6.6 

6*8 

1.2 

8.9 

9600 

10.2 

5.6 

8.7 

7.1 

1.1 

6.? 

eSne 

10.3 

9.U 

8*8 

7.3 

1.0 

8.5 

10000 

10.5 

9.3 

3.9 

7=5 

0.9 

8.3 

Slot  Term  (13^)  in  Decibels.  Slot  width  0.060*. 

Slot  Length  Parallel  Field  Perpendicular  Field 


0.06C“ 

-88.8  db 

-88.8  db 

0.120 

73.U 

83.5 

0.180 

6U.5 

79.9 

0.21*0 

58.3 

77.2 

0.300 

53.3 

75.2 

0.360 

ii9.2 

73.6 

0.1*20 

U5.8 

72.2 

0480 

1*  £ 

71*0 

0.5b0 

lio'o 

69.5 

0.500 

37.6 

69.0 

0.660 

35.U 

68.3 

Ae  an  example 

consider  the  coupling  of  the 

parallel  fie?/!  In 

the  following  situation.  The  slot  is  parallel  to  the  longitudinal  field 
of  the  T%20  aode  of  the  wide  primary  wave  guide.  The  riot  is  parallel 
to  the  transverse  field  of  the  narrow  secondary  wave  guide.  The  frequency 
is  93/5  sc  and  the  slot  is  0 cb'#)'1  long  and  ysO|>o*  thlcuc. 

% “ +8.9,  lfe  » +10.0,  Bh  - -4t5.8,  -Atth  - -2.6. 

The  coupling  for  one  such  slot  is  -29*5  db.  Whenever  coupling  is  being 
calculated  for  two  slots  that  are  aiding,  the  coupling  is  6 db  closer.  Two 
equal  fields  adding,  double  the  fields  and  quadruple  the  power  flow. 
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NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECmCAI'ftKS  OR  OT TtST,  DATA. 
ARSrtJSED  FOR  ANY  PURPOSE  OTHER  THAN  trf  CGKH&CTION  ^TTr  A b'dTTHYYY.'J*!  T&MZ  i:l 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  INCURS 

NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AMD  TF£  FACT  TH  «,?  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  7- AY  HUPPLXkD  T8K 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  Bi  REGARDED)  TV 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  TEI  ’SOIDFH  OH  JS.NY  OTMEl 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PE Ri  BS5JDK  TOMA^'^TM 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT “MAY  IN  ANT  WA"!  6F  REZ...ATED  YrtBG  ‘ : ( : 
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